Auditory feedback from the animal's own voice is essential during bat echolocation: to optimize signal detection, bats continuously adjust various call parameters in response to changing echo signals. Auditory feedback seems also necessary for controlling many bat communication calls, although it remains unclear how auditory feedback control differs in echolocation and communication. We tackled this question by analyzing echolocation and communication in greater horseshoe bats, whose echolocation pulses are dominated by a constant frequency component that matches the frequency range they hear best. To maintain echoes within this ''auditory fovea'', horseshoe bats constantly adjust their echolocation call frequency depending on the frequency of the returning echo signal. This Doppler-shift compensation (DSC) behavior represents one of the most precise forms of sensory-motor feedback known. We examined the variability of echolocation pulses emitted at rest (resting frequencies, RFs) and one type of communication signal which resembles an echolocation pulse but is much shorter (short constant frequency communication calls, SCFs) and produced only during social interactions. We found that while RFs varied from day to day, corroborating earlier studies in other constant frequency bats, SCF-frequencies remained unchanged. In addition, RFs overlapped for some bats whereas SCF-frequencies were always distinctly different. This indicates that auditory feedback during echolocation changed with varying RFs but remained constant or may have been absent during emission of SCF calls for communication. This fundamentally different feedback mechanism for echolocation and communication may have enabled these bats to use SCF calls for individual recognition whereas they adjusted RF calls to accommodate the daily shifts of their auditory fovea.
Introduction
Hearing one's own voice is critical for the maintenance of stable vocalizations in humans and songbirds, even in adulthood after human speech and bird song have already been established (for review [1, 2] ). While in most other mammals, such as non-human primates, rodents or cats, such auditory feedback appears to play a somewhat minor role (reviewed in [2, 3] ), it is quintessential in echolocating bats: they continuously adjust the spectrotemporal features of their sonar pulses in order to optimize the detection of the corresponding echo signals. In addition to producing echolocation pulses, bats generate a large repertoire of social calls to communicate with one another [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It appears that at least some of these communication signals are also dependent on auditory feedback, as for example effects of vocal learning suggest [2, [15] [16] [17] . Not only do bats modify the fine structure of their vocalizations based on social experience, they can even acquire new vocalizations through vocal imitation [17] .
Interestingly, the neuronal premotor networks underlying the two forms of vocalization appear to differ somewhat within the bat's brain. Some midbrain structures control only echolocation pulses and others only communication signals [18] . In mammals in general, different types of vocalization appear to involve different subsystems of the brainstem vocal motor network [19] . It is unclear, however, if the different vocal premotor networks also receive different auditory feedback. Here we examined the role of auditory feedback for echolocation pulses emitted at rest (resting frequency, RF), i.e. when stationary and not flying, and one particular type of communication signals in greater horseshoe bats, Rhinolophus ferrumequinum. Greater horseshoe bats emit echolocation calls that are dominated by a constant frequency (CF) component and have durations between 30 and 50 ms [20] [21] [22] . The communication call we focused on here resembles an echolocation pulse but is much shorter (around 17 ms; SCFs) and produced only during social interactions [11] .
''Constant-frequency-bats'', such as horseshoe bats or the neotropical mustached bat, Pteronotus parnellii, are highly specialized insect hunters. They forage close to or even within dense vegetation and thus have to deal with heavy echo cluttering caused by reflections from the background vegetation (e.g., [21, 23, 24] ). The long, narrow-band echolocation signals enable them to utilize echo cues that are caused by the wing beats of flying insect which they prey upon. Fluttering insects cause frequency modulations in the returning echoes, so called ''acoustic glints'' [25] , that contain the information necessary for the bat to detect and recognize its prey (e.g., [24, 26] ).
The basis for this remarkable echolocation ability is provided by specializations within the auditory system of these bats. A filter mechanism that is narrowly tuned to the echo's narrowband frequency component rejects background clutter while it helps to detect acoustic glints. This auditory filter is found in the cochlea and termed an ''auditory fovea'' [24, [27] [28] [29] [30] .
Horseshoe and mustached bats inevitably face one particular problem by using such narrowband echolocation signals: During flight, the movement of the bat relative to the background, such as dense vegetation, induces additional Doppler-shifts in the echo frequency. In contrast to Doppler-effects caused by fluttering insects, the bat's flight induces shifts of the entire echo signal away from the frequency that is emitted in resting bats, i.e. the ''resting frequency'' (RF). As a consequence, echoes drop out of the auditory fovea resulting in loss of vital echo information. To compensate for these flight-induced Doppler-effects in the returning echo, CF-bats continuously adjust the frequency of their echolocation calls (Doppler-shift compensation behavior, DSC [22, 31, 32] . Control of echolocation call frequencies during flight (DSC) and at rest (resting frequencies) represents one of the most precise forms of sensory-motor integration known [33, 34] .
Interestingly, RFs emitted by horseshoe bats and other constant frequency bats do not remain constant but instead change over time [35] [36] [37] [38] [39] . Daily variations of more than 1 kHz, which were not associated with DSC, have been reported in the Taiwanese leaf-nosed bat, Hipposideros terasensis [35] , and in the mustached bat, RFs changed with changes in body temperature by approximately 100 Hz/uC ( [36, 37] ; see also Discussion).
In addition to emitting calls for echolocation, bats also generate sounds for communication. Most communication signals are spectrotemporally more complex than sonar pulses [e.g., [7, 10, 11] ]. The behavioral context served by communication calls includes courtship and mating behavior, foraging, group bonding, distress, and reunion between offspring and mother, and can vary from species to species [5, 6, 8, 14, 15, [40] [41] [42] . In the Mexican freetailed bat, it has been shown that communication calls are distinct across individuals [43] . Therefore they may carry some ''individual signature'' to signal the audience who is calling. In order to maintain individuality, it would therefore be beneficial to maintain a distinct communication call type or pattern to facilitate individual recognition by others. It should be noted that echolocation calls can also carry individual characters and thus be used to recognize individuals or facilitate the detection of echoes in areas with vocalizing conspecifics [21, [44] [45] [46] . We tested this idea of emitting distinct communication signals by analyzing the variability of a particularly simple type of communication call in greater horseshoe bats, the short constant frequency call (SCF; [11] ). SCFs resemble echolocation pulses but are much shorter and produced only in social contexts. Although their precise behavioral meaning is still unknown, male horseshoe bats emit SCFs during mating, or either sex can produce SCFs during interactions reminiscent of ''greeting behavior'' when two bats briefly and softly tap each other with their wings [11] . SCFs represent a distinct call type that is different from echolocation calls [11] : when analyzing the duration of all horseshoe bat calls that were dominated by a constant frequency component, including echolocation calls, Ma et al. (2006) In the present study, we found that whereas ''normal'' constant frequency (echolocation) calls emitted at rest (resting frequencies, RFs) varied from day to day by several hundred Hz, SCF values varied considerably less. As a result, RFs overlapped between many of the individuals but SCFs remained significantly different for most bats. We suggest that this may indicate a significant difference in how the motor control of RFs and SFCs, respectively, depends on auditory feedback.
Results
We recorded a total of 1754 RF and 4275 SCF calls from 8 greater horseshoe bats ( Table 1) . As in a previous characterization of the repertoire of social calls in horseshoe bats [11] , we found that SCFs had on average less than half the duration of RF calls. In our sample, the average duration of RF calls was 51.7612.81 ms (Kolmogorov-Smirnov test P = 0.067) and that of SCFs 15.463.59 ms (Kolmogorov-Smirnov test P = 0.128). Another feature that clearly helped in distinguishing SCF from RF calls was that horseshoe bats switched between the two call types very abruptly. We never observed a gradual transition between normal echolocation pulses and SCF calls as would be expected if SCFs were part of an approach phase during normal echolocation behavior [21, 47] . SCF calls were also never emitted as solitary calls but instead were always part of a longer sequence (see also [11] ). The number of SCFs within a sequence varied between 2 and 17, with a typical average between 5 to 6 calls per sequence (Table 1) . There also was a large inter-individual variation in the number of SCF sequences produced by each bat, ranging from under 20 to more than 300 (total number for all bats: 766; Table 1) , and thus the total number of SCF calls, ranging from less than 70 to more than 2000 ( Table 1 ).
The mean frequency of all RFs by all bats combined and averaged over the entire observation period was 76.6760.102 kHz and those of SCFs 76.6860.053 kHz. When analyzing the daily variation of call frequencies, we found that RFs varied greatly from day to day, sometimes by more than 900 Hz, whereas SCFs remained extremely constant. Figure 1 exemplifies these differences for calls emitted by the same bat (male bat 6 m) before, during, and after ''greeting-like'' interactions with a female bat, in which the male's RF within 10 s before and after these interactions was 76.21560.03 kHz (n = 26) on the first and 76.05460.03 kHz (n = 20) on the subsequent day. SCFs, however, remained at 76.16360.02 kHz (n = 19 each day).
Such greater day-to-day variations in RFs than in SCFs were a common feature in all 8 bats analyzed and for all days compared. Table 2 (left half) lists the variations in peak frequencies for RF and SCF calls for each individual bat and different day-today comparisons. It shows that the RFs emitted on different days varied much more than the frequencies of SCF calls in all bats and all day-to-day comparisons. The significance levels (P day-to-day values in Table 2 ) were all ..0.1 (average 0.281) for SCF comparisons whereas they were ,0.01 when comparing RFs on different days. Table 2 also shows that the peak frequencies of RF calls emitted immediately before a SCF sequence did not differ significantly from those emitted immediately afterwards: the significance levels (P RF values in Table 2 ) were in most cases ..0.1 (average 0.502).
(The duration values for RF and SCF calls that are presented in the right half of Table 2 are compared at the end of the Results). Figure 2 illustrates the daily variations in the peak frequencies of RF and SCF calls graphically. RFs emitted on one day (RF n ) relative to those emitted on the previous day (RF n21 ) ( Fig. 2a) clearly exhibited a greater variability that SCFs emitted by the same bats on the same days ( Fig. 2b) : the standard deviations (error bars), 95% confidence intervals (dotted pink lines), and predicted intervals (dotted blue lines) were all greater for RFs (Fig. 2a ) than for SCFs (Fig. 2b) .
Accordingly, when we compared the variation in the peak frequencies of RF calls with that of SCF calls (Figure 3) , we found that in most cases RFs overlapped between different days and individuals whereas SCFs did less so (Fig. 3a) . This becomes more evident when plotting the average peak frequencies for RF and SCF calls and their variability for all 8 individuals (Fig. 3b) . As for the individual data (Fig. 3a) , the averaged data yielded 3 clusters, most likely due to our somewhat limited sample size of 8 bats. Except for 2 individuals (bats 3f in the center cluster and 6 m in the left cluster), the RFs within each cluster were not significantly different (Tables S1, S2 ; ANOVA, significance level 0.05). In contrast, SCF frequencies of all 8 bats did differ significantly from one another (Tables S1, S2 ; ANOVA, significance level 0.05). For all bats combined, the average variation in the peak frequencies of RF calls over the entire observation period was 693.86352.98 Hz (n = 1754 calls, As a result of the larger variability of RFs, the CVs (mean over SD) for the peak frequencies of RF calls were approximately twice as large as those of SCF calls (Figure 4a ; mean 6 SD for RFs: 0.0013460.000298, and for SCFs:. 0.0007060.00015, independent samples, T-test, t = 5.411, P = 0.000). RFs for individual bats could switch between values above and below those for SCFs (Table 2) and SCFs could therefore be on average greater or smaller than RFs in the same bat ( Figure 5 ). Nevertheless, when comparing all bats, the values for RFs and SCF frequencies were positively correlated with one another (Figures 2,3) , i.e. the higher the average RF was in any given bat the higher was also its average SCF (Linear regression, R 2 = 0.983, F = 349.384, P = 0.0000). Despite the fact that RFs and SCFs differed significantly from one another by amounts that changed from day to day, the average RFs and SCFs for each bat differed by usually no more than 1% of its SCF value (Table 2 and Figure 5 ).
In contrast to the frequency values of RF and SCF calls, their durations did not differ significantly (Table 2 and Figure 6 ), although there was also a slight positive correlation between them, with shorter SCFs correlated with shorter RFs (Nonlinear regression, R 2 = 0.3939, F = 3.899, P = 0.0957). Finally, the CVs for the durations of RF and SCF calls (Fig. 4b) were more similar and did not exhibit the rather large difference seen for their frequencies ( Fig. 4a ; independent samples, T-test, t = 21.296, P = 0.216). CVs for RF call durations varied between 0.12 and 0.37 (mean 6 SD: 0.26860.0725) and those for SCFs between 0.19 and 0.29 (mean 6 SD: 0.22960.0435). It is noteworthy to mention that the durations of SCF calls are already short and yet the CVs of SCF calls vary more than those for their frequencies.
Discussion
We found that the RFs of echolocation calls varied from day to day, sometimes by as much as 900 Hz, whereas SCF frequencies remained remarkably stable (Table 2, Figure 2) . As a result, RFs for most individuals overlapped but SCF frequencies did not ( Fig. 3; Tables S1, S2 ). In contrast, the durations of both call types, RF and SCF calls, lacked this large difference in variability (Table 2 and Figure 6 ). Changes in the CF-frequency of echolocation pulses had been reported earlier and in several CF-species: In the Taiwanese leafnosed bat, RFs changed by an average of 3% during an observation period of several months with an average of 160 Hz/day, but in some instances could exceed 1 kHz/day [35] . In the mustache bat, changes in body temperature were correlated with changes in RFs of about 100 Hz/uC. These changes in RFs occurred concomitantly with changes in the fine tuning of the cochlea [36] and of auditory neurons within the CNS [37] . The results show that cochlear tuning in mustache bats is labile, and suggest shifts in the frequency-to-place code within those regions of the cochlea that are sharply tuned to the RFs, i.e. the auditory fovea. Hence the changes in RFs accommodate changes in the tuning of the auditory fovea, thus optimizing echolocation performance in response to changes in the auditory feedback [37] . The similarities in the echolocation systems of horseshoe and mustache bats [29, 30] suggest that the changes in echolocation call frequencies that we observed in horseshoe bats most likely also reflect a shift in the auditory fovea and thus changes in the auditory feedback provided by the cochlea.
Although the detailed time courses of the daily alterations in echolocation call frequencies have not been analyzed yet, it appears that they perhaps involve daily changes in the metabolic state of the animals, such as wake-sleep cycles. This is also corroborated by observations in Hipposideros taiwanensis and the mustache bat [35] [36] [37] .
The spectral fine structure of communication calls also seems to depend on auditory feedback. Evidence for the role of auditory feedback in the acquisition and maintenance of individually distinct communication calls is based on studies in various species of bats (e.g., review by [2] ). Playback experiments in pups of lesser spear-nosed bats, Phyllostomus discolor, demonstrated that they Frequency and duration values for RF calls are given as averages for 10 calls emitted immediately before and after a sequence of SCF calls. The number of SCF syllables analyzed is given in Table 1 . P day-to-day : significance levels (ANOVA) for comparing RF and SCF calls emitted on different days. P RF : significance levels for comparing peak frequencies of RF calls emitted immediately before and after a SCF sequence. P D : significance levels for comparing durations of RF calls emitted immediately before and after a SCF sequence. doi:10.1371/journal.pone.0062710.t002
adjust their calls to playbacks of maternal directive calls [16] . Similarly, multivariate statistical analysis as well as playback experiments in adult greater spear-nosed bats, Phyllostomus hastatus, showed that a particular type of social call that is used to coordinate foraging flights between members of a certain social group were acquired through vocal learning [15] . Recent evidence for the importance of auditory feedback for social call structure has been provided by studies on the development of the territorial song in pups of the greater sac-winged bat, Saccopteryx bilineata [17] . The authors played back previously recorded territorial songs of different males to pups of different ages and find that the pups learn these complex vocalizations through vocal imitation by imitating the territorial song they were exposed to during development. The resemblance of pup vocalizations to their acoustic model is not caused by physical maturation effects. It also does not depend on the pups' gender and relatedness to adult males, and it becomes more pronounced during ontogeny. This clearly demonstrates the essential role of auditory experience for the development and maintenance of communication calls [17] . There is also evidence, however, that some communication signals in bats do not necessarily require auditory feedback and are perhaps not acquired through vocal learning. Pup isolation calls in the evening bat, Nycticeius humeralis, and vocal interactions during mother-offspring interactions in big brown bats, Eptesicus fuscus, for example may largely have a genetic basis ( [5, 48, 49] ; review: [2] ). The fact that the SCF frequencies remained remarkably stable may suggest that they allow for recognition of individuals, thus carrying an ''individual frequency signature''. Vocal signatures have been demonstrated in mother-infant communications in other bats ( [8, [50] [51] [52] ; reviews: [53, 54] ). More recently, it was shown that the isolation calls of noctule bat pups, Nyctalus noctula, were individually distinct and likely to bear vocal signatures suitable for acoustic mother-offspring recognition [55] . Noctule bats are one of the few species that usually give birth to twins. When comparing the variation of isolation calls of individuals within twin pairs with those between individuals from different twin pairs, they show that isolation calls of twin siblings were more similar to the calls of each other than to the isolation calls of unrelated pups of the same age. They concluded that isolation calls ) and for all days tested (indicated by different colors as noted below). Same data as in Table 2 (left half) with peak frequencies for RF calls emitted before and after a SCF sequence being averaged. Solid black lines indicate the regression line with R 2 and P-values given in each subfigure, dotted pink lines give the 95% confidence intervals, and dotted blue lines outline the predicted intervals. a. RFs on one sample day (RF n ) compared with RFs of a previous day (RF n21 ) (black: day 2 vs. day 1, dark green: day 3 vs. day 1, dark blue: day 4 vs. day 1, red: day 3 vs. day 2, dark yellow: day 4 vs. day 2, pink: day 4 vs. day 3). b. SCFs on one sample day (SCF n ) compared with SCFs on a previous day (SCF n21 ) (same color scheme as in a.). doi:10.1371/journal.pone.0062710.g002 may therefore not only signal individual identity but also affiliation to a certain social group (e.g. twin pairs; [55] ). Various studies tested the significance of vocal signatures for mother-offspring recognition through playback experiments, in which previously recorded isolation calls from different pups were broadcast to their respective mothers [5, 56, 57] .
Assuming that SCF frequencies depend on auditory feedback, their high degree of constancy would suggest that cochlear input also remains constant, meaning that the frequency of the auditory feedback would not change. This in turn would then require different feedback loops from the cochlea for the control of RFs and SCFs, respectively: the location on the cochlear frequency map from which the feedback for RFs originates shifts back and forth on the basilar membrane together with the shifting auditory fovea whereas the location giving rise to the feedback for SCFs remains constant. It is unclear which mechanism enables auditory feedback to remain unaffected by the changes in the cochlear tuning and ultimately allow SCFs to be so remarkably stable. Alternatively, SCFs could also be completely independent of auditory feedback. Either scenario, however, signifies a fundamentally different mechanism underlying the frequency control of echolocation and communication calls.
One may argue that our observation period of less than one week is somewhat short to determine how auditory feedback may differ for RFs and SCFs. However, auditory feedback controls RFs Figure 6 . Distribution of the durations of RF and SCF calls for all 8 bats averaged over the entire observation period and presented as mean 6 SD. Same data as in Table 2 (right half) with durations for RF calls emitted before and after a SCF sequence being averaged. Solid black line indicates the regression line, dotted innermost lines give the 95% confidence intervals, and dotted outermost lines outline the predicted intervals. doi:10.1371/journal.pone.0062710.g006 on a call-by-call basis (e.g., [22, 31, [58] [59] [60] ). Hence, assuming auditory feedback also controls social calls, such as SCFs, it is plausible that this also applies to them. Therefore our conclusion that auditory feedback differs for RF and SCF calls is not affected by the length of the observation period. Any day-to-day change in call frequency that we observed for RF calls does indeed require changes in the underlying auditory feedback. Conversely, any lack in call frequency changes, such as for SCFs, is consistent with no change in auditory feedback, or a complete lack thereof.
Our finding that the control of horseshoe bat echolocation and communication sounds involves different mechanisms of auditory feedback control is corroborated by neurobiological data indicating that the motor pathways for echolocation and communication calls are at least partially separate within the brainstem (review: [18] ). Moreover, in mammals in general, different types of vocalization appear to involve different subsystems of the brainstem vocal motor network [19] . Although our data indicate that the auditory feedback control for different types of utterances differs as well, the neurobiological basis for this difference still remains to be elucidated.
Materials and Methods

Ethics Statement
All animal work has been conducted according to relevant national and international guidelines. All husbandry and experimental procedures were in accordance with NIH guidelines for experiments involving vertebrate animals and were approved by the Chancellor's Animal Research Committee of the University of California, Los Angeles (ARC 2001-108-22).
A total of 29 greater horseshoe bats, Rhinolophus ferrumequinum tragatus, from Northern China were housed in the bat facility at UCLA. Details of the animal husbandry have been described elsewhere [11] and are only summarized briefly here. The animal room had regulated light/dark cycles adjusted with an astronomical light timer to the natural photoperiod for North China (but time-inverted by approximately 12 hrs relative to the light-dark cycle at the study location at UCLA). The rooms were temperature and humidity controlled, with temperatures ranging between 25 and 30uC (40-60% rel. humidity) during the light period, and between 15 and 20uC during the dark period (50-80% rel. humidity). The colony was of mixed sex with approximately a 1:1 ratio of males to females.
Calls were recorded between January and September, 2008. For each recording session, we separated 2 randomly chosen individuals (2 males, 2 females, or 1 male + 1 female) from the rest of the colony by transferring them into an observation cage (wire mesh cage; dimensions 0.660.661 m) that was positioned in the center of one room of the animal facility that did not contain any other bats. The 2 individuals were kept in the observation cage for up to 12 h with free access to food and water. The bats had distinct toe markings made with nail polish that allowed us to identify the bats individually. Of the 29 bats housed in the colony, the most vocally active bats (a total of 13 males and 7 females) were used in various combinations. All of these 20 bats produced echolocation pulses but only 6 males and 2 females produced SCFs. Thus, this study focuses on the analysis of these 8 bats. Only calls emitted at rest were recorded (RF calls, no DSC). Recordings were performed during the same time of day when the bats were vocally the most active, starting immediately after the lights turned off and lasting up to 8 hrs.
We used a commercially available ultrasonic acquisition system (UltraSoundGate 116, Avisoft Bioacoustics, Berlin, Germany; sample rate: 750 kHz, 8bit resolution) and sound analysis system (Avisoft-SASLab Pro, version 4.3; Avisoft Bioacoustics, Berlin, Germany). Sounds were stored and analyzed on computer using a sample rate of 250 kHz at 16 bits/sample. Bats were also observed under infrared illumination (wavelength 850 nm) using an infrared closed-circuit camera system (Q-See QS2814C, Digital Peripheral Solutions, Anaheim, CA). Video recordings of the bats' behavior and sound recordings were recorded and stored simultaneously on computer for subsequent analysis. This allowed us to relate the calls to certain behaviors, such as mating.
We obtained the call durations of RF and SCF calls from their waveforms (250 kHz sample rate). Spectrograms were only used for graphical presentation of the calls, such as in Figure 1 , and were obtained using a 512 pt FFT (Hamming window) at a temporal resolution of 1.024 ms (frequency resolution: 244 Hz). The dominant frequency values of the constant frequency portions of RFs and SCFs were determined from the power spectra of individual calls (frequency resolutions between 5 and 10 Hz). Statistical analysis of the data was performed using commercial statistics software (SPSS, Chicago, IL, USA). 
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